Mucin 1 (MUC1), as an oncogene, is overexpressed in hepatocellular carcinoma (HCC) cells and promotes the progression and tumorigenesis of HCC through JNK/TGF-b signaling pathway. In the present study, RNA interference (RNAi) and JNK inhibitor SP600125, which target MUC1 and/or JNK, were used to treat HCC cells in vitro, and the results showed that both silencing the expression of MUC1 and blocking the activity of JNK inhibited the proliferation of HCC cells. In addition, MUC1-stable-knockdown and SP600125 significantly inhibited the growth of tumors in the subcutaneous transplant tumor models that established in BALB/c nude mice rather than MUC1 or JNK siRNAs transiently transfection. Furthermore, the results from immunohistochemical staining assays showed that the inhibitory effects of MUC1 gene silencing and SP600125 on the proliferation of HCC cells in vivo were through the JNK/TGF-b signaling pathway. These results indicate that MUC1 and JNK are attractive targets for HCC therapy and may provide new therapeutic strategies for the treatment of HCC.
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M ucin 1 (MUC1) is a transmembrane glycoprotein that is expressed on the apical surface of epithelial cells and is aberrantly glycosylated and overexpressed in a variety of epithelial malignant tumors and in some hematological malignant tumors, and plays a crucial role in the progression of these cancers. (1, 2) It consists of a large extracellular N-terminal subunit (MUC1-N) and a short C-terminal subunit (MUC1-C). The MUC1-C is involved in many signaling pathways that regulate the processes of cell proliferation, apoptosis, migration and invasion, such as Wnt/b-catenin, (3) c-terminal Src kinase (c-Src), (4) growth factor receptor-bound protein 2 (Grb2)/son of sevenless (Sos), (5) phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT), (2) p53, (6) glycogen synthase kinase 3b (GSK3b), (7) epidermal growth factor receptor (EGFR), (8, 9) nuclear factor-jB (NF-jB), (10) and c-Jun N-terminal kinase (JNK). (11) (12) (13) Hepatocellular carcinoma (HCC) is the fifth most common cancer and the third leading cause of cancer-related death. (14) Various reports have shown that MUC1 is overexpressed in HCC tissues and cells, and our previous study revealed that MUC1 gene silencing inhibited the growth of the SMMC-7721 HCC cell line in vivo and in vitro, suggesting that MUC1 plays a key role in HCC tumorigenesis. (15, 16) Our latest study demonstrated that MUC1 mediates autocrine transforming growth factor beta (TGF-b) signaling through activation of the JNK/activator protein 1 (AP-1) pathway in HCC cells. (17) TGF-b, a multi-functional cytokine, plays a tumor suppressive role in normal epithelial cells and precancerous tissues by inhibiting cell proliferation and inducing apoptosis, but accelerates the progression of established cancers by promoting cell proliferation, invasion, and metastasis. (18) (19) (20) Smads are central mediators that convert TGF-b signaling from receptors to the nucleus. In recent studies, we also found that MUC1 not only could shift Smad3 signaling from the tumor-suppressive pSmad3C/p21 WAF1 pathway to the oncogenic pSmad3L/c-Myc pathway by activating JNK in HCC cells (12) but also could promote the migration and invasion of HCC cells via JNK-mediated phosphorylation of Smad2 at C-terminal and linker regions, (13) demonstrating that MUC1 promotes the progression and tumorigenesis of HCC through the JNK/TGF-b pathway. JNK is a member of a larger group of serine/threonine (Ser/Thr) protein kinases known as the mitogen-activated protein kinase (MAPK) family. There are three isoforms of JNK in mammals: JNK1, JNK2, and JNK3. JNK1 and JNK2 are expressed in most tissues, whereas JNK3 is mainly expressed in the brain, heart, and testis. (21, 22) Previous studies using genetically engineered mice showed that the loss or hyper-activation of the JNK pathway contributes to the development of inflammation, fibrosis, cancer growth, and metabolic diseases that include obesity, hepatic steatosis, and insulin resistance. (23) Recently, studies have confirmed that JNK plays a key role in the progression and tumorigenesis of HCC by regulating various cellular biological functions. (24) Early findings showed that the transforming actions of several oncogenes, such as Ras, c-fos, Met, BcrAbl, and mutant HER2, were JNK-dependent in various cancers. (25) (26) (27) (28) (29) Collectively, all of these data indicate that JNK activity is necessary for the efficient transformation and tumorigenesis of these oncogenes, therefore making JNK a dominant target for cancer therapy.
RNA interference (RNAi) can silence target gene expression and thereby block the production of disease-causing proteins. (30, 31) The effectiveness of RNAi in cancer therapy has been characterized by high efficiency and specificity. (32) The major advantage of RNAi in cancer therapy is targeting multiple genes of various cellular pathways involved in tumor progression. Significant effort and capital have been invested in bringing siRNA therapeutics to the market. At least 22 RNAibased drugs have entered clinical trials, and many more are in the development pipeline, indicating that siRNA has potential clinical use for cancer therapeutics. (33) In this study, we inhibited the biological functions of MUC1 and JNK by RNAi and/or the use of an inhibitor in MUC1-expressing HCC cells to determine whether such treatments are effective against HCC, and the results revealed that both MUC1 and JNK are attractive targets for the pathogenesis and gene therapy of HCC.
Materials and Methods
Cell lines and culture. SMMC-7721 was purchased from the Cell Bank of the Shanghai Institute of Cell Biology, Chinese Academy of Sciences. Cells were cultured in IMDM medium (Gibco, Grand Island, NY, USA) supplemented with 100 U/ mL penicillin, 100 lg/mL streptomycin, and 10% fetal bovine serum (Gibco, Grand Island, NY, USA) in an incubator at 37°C under 5% CO 2 . The stable MUC1-knockdown cells (MR1-D4) and SMMC-7721 negative control cells (NC) were generated as previously described (16) and maintained with 600 lg/mL G418 (Sigma-Aldrich, St. Louis, MO, USA).
Cell viability assay. Cell viability was determined at different time points based on WST-1 cell viability assays according to the manufacturer's protocol (Roche, Basel, Switzerland). The absorbance was measured using a microplate reader at a wavelength of 450 nm (BioTek Instruments, Inc., Winooski, VT, USA).
Enzyme-linked immunosorbent assay (ELISA). Cells were grown in complete medium and treated with or without JNK inhibitor (30 lM) for 16 h and then incubated for 24 h in serum-free medium. Cell culture supernatants were assayed using a TGF-b1 ELISA kit (eBioscience, San Diego, CA, USA) according to the manufacturer's instructions. The absorbance was measured at a wavelength of 450 nm.
Western blotting. Western blotting was performed as previously described. (34) Primary antibodies: MUC1 (GP1.4) was purchased from NeoMarkers (Fremont, CA, USA); c-Myc and GAPDH were purchased from Epitomics (Burlingame, CA, USA); p21 WAF1 , JNK, p-JNK, pSmad2C (Ser-465/467), pSmad2L (Ser-245/250/255) and MMP-9 were purchased from Cell Signaling Technology (Danvers, MA, USA); pSmad3L (Ser-213) and pSmad3C (Ser-423/425) were purchased from Abcam (Cambridge, MA, USA).
RNAi. SiRNA oligonucleotides corresponding to the target sequence for human MUC1: GCAGCCTCTCGATATAACC and JNK1/2: AGAAGGUAGGACAUUCUUU (35) for both in vitro and in vivo experiments were designed and synthesized by RiboBio Co. Ltd (Guangzhou, China). In vitro, a negative-control siRNA (NC-siRNA) (RiboBio, Guangzhou, China) was used as a medium control and a negative-control siRNA-Cy3 (RiboBio, Guangzhou, China) was used to detect the transfection efficiency. The siRNAs were transfected into SMMC-7721 cells using x-fect Transfection Reagent (Takara Biotechnology Co. Ltd, Dalian, China). In vivo, MUC1-siRNA, JNK-siRNA and NC-siRNA were 5 0 -cholesterol-conjugated and 2
0 -O-methyl-modified, and 5 nmol siRNA in 0.05 mL saline buffer was locally injected.
In vivo tumor growth assays. BALB/c nude mice (4-6 weeks old) were purchased from Beijing HFK Bioscience Co., Ltd., Beijing, China. Animal experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory. In the first groups, cells were subcutaneously injected into the right flank of each mouse and on day 21 post-injection, tumors were dissected and fixed in 10% neutral-buffered formalin. In the second groups, cells were subcutaneously injected into the right flank of each mouse and 6 days after the injection, by which time the tumors had formed (3 9 3 mm), the mice were randomly divided into four groups. Next, the mice were either intratumorally injected with 0.2 mg/kg SP600125 or the same volume solvent with five times at 1-day intervals, or 5 nmol MUC1-siRNA, JNK-siRNA or NC-siRNA with six times at 2-day intervals. Three days after the last injection, the tumors in these mice were dissected and fixed in 10% neutral-buffered formalin.
Immunohistochemical staining assays. All samples were fixed in 10% neutral-buffered formalin and embedded in paraffin. Antibodies were the same as Western blotting and using an UltraSensitiveTM SP (Mouse/Rabbit) IHC Kit (MaiXin.BIO., Fuzhou, China). The sections were examined using an IX71 microscope (Olympus, Tokyo, Japan). For quantitative analyses, areas of positive staining were analyzed using Image-Pro Plus 6.0 (Media Cybernetics, Inc. Silver Spring, MD, USA). Five fields of view for each section were randomly selected and images acquired, the Integral Optical Density Sum (IOD sum) and the corresponding area were measured. The index of density (mean) = IOD sum/ area was used to evaluate the expression of the proteins.
Statistical analysis. The data are expressed as the mean AE SD. SPSS 21.0 software (SPSS Inc, Chicago, IL, USA) was used for analysis. All experiments were repeated at least three times. The statistical significance of differences between two groups was assessed using Student's t-test, and P < 0.05 was considered to indicate a statistically significant result.
Results
The inhibition effects of silencing the expression of MUC1 and blocking the activity of JNK on HCC progression and tumorigenesis are through the JNK/TGF-b signaling pathway. Our previous studies found that MUC1 promotes HCC progression and tumorigenesis by activating the JNK/AP-1/TGF-b pathway in HCC cells. (12, 13, 17) Previously, a MUC1-knockdown cell clone designated as MR1-D4 and a negative control clone designated as NC were established by transfecting SMMC-7721 cells with MUC1-targeted or nonspecific siRNAs in the expression vector pGCsilencer U6.Neo.GFP, (16) and the results from Western blotting showed that the expression of MUC1 in MR1-D4 cells was obviously decreased compared to SMMC-7721 or NC cells (P < 0.01; Fig. 1a) . In this study, to further verify the molecular mechanism leading to the inhibition effects of MUC1 gene silencing and SP600125 on HCC cells, the phosphorylation of JNK, Smad3L/C and Smad2L/C and the expression levels of the corresponding target genes, such as c-Myc, p21 and MMP-9, in these cells were detected by Western blotting. The results showed that the phosphorylation of JNK, Smad3L, and Smad2L/C and the expression of c-Myc and MMP-9 were downregulated, while the phosphorylation of Smad3C and p21 were upregulated in these cells when the expression of MUC1 and the activity of JNK were inhibited, respectively (Fig. 1b-d) . Furthermore, the TGF-b1 levels in the culture supernatants of MR1-D4 and SP600125-treated SMMC-7721 cells and the respective controls were measured by ELISA, and the results showed that both silenced the expression of MUC1 and inhibited the activity of JNK markedly decreasing the autocrine TGF-b1 (P < 0.01; Fig. 1e ). All of these results demonstrate that the inhibition effects of silencing the expression of MUC1 and blocking the activity of JNK in HCC progression and tumorigenesis are through the JNK/TGF-b signaling pathway, making MUC1 and JNK as attractive targets for HCC therapy.
MUC1 gene silencing inhibits the proliferation of HCC cells in vitro. To discover a new method for the treatment of HCC by targeting MUC1, in the present study, the expression of MUC1 was silenced by different methods. The results from WST-1 cell viability assay showed that the viability of MR1-D4 cells was reduced in a time-dependent manner compared to the SMMC-7721 or NC cells (Fig. 2a) . Furthermore, SMMC-7721 cells were transient transfected with MUC1-targeted or unspecific siRNAs using x-fect transfection reagent. The transfection efficiency was above 95% and MUC1-siRNA could significantly inhibit the expression of MUC1 compared to the negative control or NC-siRNA (P < 0.01; Fig. 2b,c) . The viability of these MUC1-knockdown cells was reduced compared to the controls at 24 h, but the inhibitory effect of MUC1-siRNA decreased as time progressed when measured by WST-1 cell viability assay (Fig. 2d) . These results indicate that MUC1 gene silencing by MUC1-stable-knockdown is much more effective than MUC1-transient-knockdown in inhibiting the proliferation of HCC cells in vitro.
Blocking the activity of JNK inhibits the proliferation of HCC cells in vitro. To investigate the influence of blocking the activity of JNK on HCC cell proliferation, the activity of JNK in the SMMC-7721 cells was inhibited using SP600125 and RNAi, respectively. As SP600125 is a commonly used JNK inhibitor, it could significantly inhibit the phosphorylation of JNK and the proliferation of SMMC-7721 cells in both doseand time-dependent manners (Fig. 3a,b) . When the activity of JNK in SMMC-7721 cells was inhibited by transfection with JNK-targeted or nonspecific siRNAs, the transfection efficiency was above 95% and the expression of JNK was significantly reduced (P < 0.01; Fig. 3c,d ). The result from the WST-1 cell viability assay showed that the viability of the JNK-knockdown cells was significantly reduced compared to the controls at 24 h (P < 0.01), but the inhibitory effect of JNK-siRNA decreased as time progressed (Fig. 3e) . All of these results demonstrate that blocking the activity of JNK by SP600125 is more effective than JNK RNAi in inhibiting the proliferation of HCC cells in vitro.
Silencing the expression of MUC1 and blocking the activity of JNK suppress the growth of tumors in mice. To evaluate whether targeting MUC1 and JNK could suppress the growth of tumors in vivo, subcutaneous transplant tumor models were established in BALB/c nude mice. First, SMMC-7721, NC and MR1-D4 cells were inoculated subcutaneously into BALB/c nude mice. As shown in Figure 4(a,  b) , the tumors in the MR1-D4 group were much smaller. In the following studies, SMMC-7721 cells were inoculated subcutaneously into BALB/c nude mice, and these mice were intratumorally injected with SP600125, JNK-siRNA, or MUC1-siRNA, and the respective controls when the tumors were formed, and the results showed that the tumors in the mice treated with SP600125 were much smaller than the control group (P < 0.01; Fig. 4c-e) , while there was no significant difference in the tumors when treated with JNKsiRNA (Fig. 4f-h ) or MUC1-siRNA (data no shown). As JNK-siRNA had no effect on the growth of these tumors, the expression of JNK in these tumors was detected by immunohistochemical staining to confirm the silencing effect of JNK-siRNA in vivo, and the result showed that JNKsiRNA did not downregulate the expression of JNK in vivo compared to NC-siRNA, suggesting that new drug delivery methods should be developed in order to achieve ideal effectiveness (Fig. 4i,j) . Taken together, these results further indicate that both MUC1 and JNK are potential targets for HCC therapy, providing new methods for HCC therapy. immunohistochemical staining was preformed, and the results showed that p-JNK, TGF-b, pSmad3L, pSmad2L/C, c-Myc and MMP-9 expression were highly positive in tumor tissues of the SMMC-7721 group but were weakly positive or even negative in tumor tissues from the SP600125-treated group and MR1-D4 groups (Fig. 5a-d) . In addition, in contrast to the above results, the expression of pSmad3C and p21 in the tumor tissues of these groups exhibited opposite patterns (Fig. 5a-d ). These results demonstrate that inhibiting the expression of MUC1 and the activity of JNK reduces the growth of HCC cells through the JNK/TGF-b signaling pathway in vivo.
Discussion
Our previous studies revealed that MUC1 promotes HCC progression and tumorigenesis and mediates autocrine TGF-b signaling by activating the JNK/AP-1 pathway in HCC cells, (16, 17) and makes MUC1 and JNK as attractive targets for HCC therapy. Mucin 1 is a tumor-associated antigen that is aberrantly overexpressed on most epithelial malignant tumors, including HCC and breast, lung, ovarian, prostate and pancreatic cancers. In recent years, numerous preclinical and clinical trials of immune-based therapies that target MUC1 have been reported, including anti-MUC1 monoclonal antibodies, vaccines (peptides, carbohydrates, glycopeptides, DNA, and dendritic cells), aptamers (peptides that resemble DNA and RNA), and adoptive T-cell transfer with MUC1-specific cytotoxic T lymphocytes (CTLs). (15, 36, 37) JNK is a member of a larger group of serine/threonine (Ser/Thr) protein kinases known as the MAPK family. The contributions of JNK in HCC pathogenesis strongly suggest that JNK signaling could be a promising target for developing novel chemoprevention and targeted therapies for HCC. To date, many small molecule inhibitors that might modulate specific components of JNK signaling have been developed. These inhibitors can be broadly classified into two categories: ATP-competitive and ATP-non-competitive inhibitors. The ATP-competitive inhibitors include SP600125, CC-401, CC-930, AS601245, JNK-IN-8 and so on; among these inhibitors, CC-401 and CC-930 have entered phase I and II clinical trials, but both of these trials have been terminated. (38) The most representative ATP-non-competitive inhibitor is D-JNKI-1 (also named as XG-102/AM-111), for which phase III clinical trials evaluating the efficacy and safety of the drug in reducing post-cataract surgery intraocular inflammation and pain have been completed, (39, 40) although D-JNKI-1 has not been applied to the treatment of cancers. Regarding gene therapy, no RNAi therapy targeting either MUC1 or JNK has been reported in clinical trials (Fig. 6) .
During recent decades, there have been remarkable advances and profound changes in cancer therapy. One of the most rapidly growing fields of research in cancer therapeutics was the discovery of RNAi, which is able to effectively and specifically downregulate the expression of genes. In the present study, the expression of MUC1 and JNK in HCC cells was silenced using RNAi. Figure 2 shows that the cell viability of MUC1-siRNA transiently transfected cells was increased as time progressed, while the viability of MR1-D4 cells was significantly reduced in a time-dependent manner. In addition, Figure 3 shows almost the same results when SMMC-7721 cells were treated with JNK-siRNA or SP600125. These results indicate that siRNA transient transfection in vitro is less efficient, possibly because the number of siRNAs in single cells decreased as the cells divided and due to rapid enzymatic degradation.
Among the 63 clinical trials on RNAi are currently listed in the NIH clinical studies database, 18 studies have primary results (completed, terminated, or withdrawn), (41) indicating that RNAi has potential clinical uses for cancer therapeutics. However, some limitations make their clinical application difficult, including delivery problems, side-effects due to off-target actions, the disturbance of physiological functions of the cellular machinery involved in gene silencing, and the induction of innate immune responses. Unmodified siRNA is unstable in the bloodstream, can be immunogenic, and does not readily cross membranes to enter cells. (42) Therefore, chemical modifications and/or delivery materials are required to bring siRNA to the site of action without causing adverse effects. A broad range of materials is under exploration to address the challenges of in vivo delivery, including polymers, lipids, peptides, antibodies, aptamers and small molecules. (33) In the present study, we designed 5 0 -cholesterol-conjugated and 2 0 -O-methylmodified MUC1-and JNK-siRNA that enhanced the delivery efficiency and abolished the immunostimulatory activity of unmodified/native RNA duplexes when administered in a delivery vehicle. (31) Unfortunately, there was no significant difference of the tumors in these mice when treated with JNKsiRNA (Fig. 4fÀh) or MUC1-siRNA (data not shown) compared to that treated with NC-siRNA, while the tumors in the MR1-D4 group were much smaller than that in the SMMC-7721 or NC groups (Fig. 4a,b) . As the key challenge to realizing the broad potential of siRNA-based therapeutics is the need for safe and effective delivery methods, our results suggest that a more effective delivery method for siRNAs by targeting MUC1 or JNK is needed to be investigated for HCC therapy. Beside MUC1 and JNK, TGF-b signaling inhibition is an emerging strategy for cancer therapy (Fig. 6 ). To date, many inhibitors by targeting TGF-b1/2 or TbRI/II have been investigated in the preclinical setting, some of which are now in clinical development. (43) The future of TGF-b inhibitors in cancer therapy as tumor micro-environment-targeting agents is promising and opens new challenges in terms of biomarkers and patient selection.
In summary, our study reveals that MUC1 and JNK are attractive molecular targets for HCC therapy. It is anticipated that several MUC1-and JNK-targeted therapies, such as via the use of RNAi or inhibitors, will be successfully developed and used in the clinic in the near future. We believe that promising new avenues for the treatment of HCC are on the horizon, which will undoubtedly lead to better, more effective and faster therapies in the future.
